This study examines the diurnal variations of the warm-season precipitation over northern China using the high-resolution precipitation products obtained from the Climate Prediction Center's morphing technique (CMORPH) during May-August of 2003-09. The areas of focus are the Yanshan-Taihangshan Mountain ranges along the east peripheries of the Loess and Inner Mongolian Plateaus and the adjacent North China Plains. It is found that the averaged peak in local precipitation begins early in the afternoon near the top of the mountain ranges and propagates downslope and southeastward at a speed of ;13 m s
Introduction
Diurnal variations of precipitation are very important to the local and global weather and climate, which can have strong implications on the hydrological cycle and agriculture. For example, summertime rainfall may evaporate more quickly in the afternoon hours but can easily be permeated into soil and stored overnight. Numerous past studies have examined the diurnal variations of global and regional rainfalls through observations from surface rain gauges, weather radars, and/or satellites (e.g., Wallace 1975; Carbone et al. 2002; Yu et al. 2007; Wang et al. 2004; Dai et al. 1999 Dai et al. , 2007 Zhou et al. 2008; Chen et al. 2009; Yin et al. 2009 ). It is commonly observed that warm-season precipitation around the world usually peaks in the morning over ocean and in the late afternoon over land with the exception of several low-lying land areas such as the central Great Plains of the United States (e.g., Wallace 1975; Carbone et al. 2002) . Some studies partially accredit the nocturnal precipitation maximums over the plains to a low-level southerly nocturnal jet parallel (e.g., Higgins et al. 1997; Carbone and Tuttle 2008) , which is also widely observed over the Great Plains of the United States (e.g., Bonner 1968) .
Complementary to Carbone et al. (2002) , which concentrated on the central United States, the current study explores the diurnal variation and propagation of the warm-season precipitation over the YanshanTaihangshan Mountain ranges, along the eastern peripheries of the Loess and Inner-Mongolian Plateaus and the adjacent North China Plains (Fig. 1a) . Warmseason rainfalls account for nearly 80% of the total annual precipitation in this focus area, which has strong diurnal variations. This study also complements recent studies on diurnal rainfall variations over China (e.g., Wang et al. 2004; Yu et al. 2007; Zhou et al. 2008; Chen et al. 2009 ), most of which emphasize the eastern slopes and adjacent eastward regions of the Tibetan Plateau.
Precipitation dataset and mean
The high-resolution global precipitation dataset from the National Oceanic and Atmospheric Administration (NOAA) Climate Prediction Center's morphing technique (CMORPH; Joyce et al. 2004 ) will be used for this study. The CMORPH has a spatial resolution of 0.72778 and is available every 30 min between 608N and 608S beginning with December of 2002. It combines precipitation estimates derived exclusively from several loworbiter satellite microwave sensors. During periods when microwave data are not available at a location, it uses spatial propagation information obtained from geostationary satellite infrared data to transport the microwavederived precipitation features (see more technical details online at http://www.cpc.noaa.gov/products/janowiak/ cmorph_description.html).
This study examines CMORPH data over all available warm-season months (May-August) during 2003-09 on a 238 3 238 domain (258-488N, 1058-1288E; Fig. 1a ). The NOAA Global Forecast System (GFS) 18 3 18 operational analyses, available every 6 h over the course of this period, are used to provide the corresponding environmental conditions. Our focus area is over the Yanshan-Taihangshan Mountain ranges along the east peripheries of the LoessMongolian Plateaus and the adjacent North China Plains (Fig. 1a) , which have similar terrain patterns to that studied in Carbone et al. (2002, see their Fig. 1b ) with the exception of predominant slope declines that transverse from northwest to southeast in northern China instead of from west to east over the Rocky Mountains and adjacent Great Plains of the United States. The prevailing warmseason midtropospheric steering-level winds over the area of focus are predominantly northwesterly from high terrains to lower plains (not shown).
Averaged over all warm-season hours from May to August during 2003-09, the total precipitation over the North China Plains on the southeastern side of the domain is much higher than that over the plateaus to the northwest (Fig. 1b) . The rainfall distribution from the CMORPH estimate agrees well with the rain gauge observations (e.g., Qian et al. 2002, their Fig. 1 ), which adds confidence to the applicability of the CMORPH dataset as attested by Janowiak et al. (2005) , Dai et al. (2007) , and Zhou et al. (2008) . Figure 1c shows the mean terrain and precipitation along the northwest-southeast direction averaged over the boxed focus area in Fig. 1a . A sharp drop in elevation of more than 1200 m from ;250 to 550 km exists. On average, the higher the terrain is the lower is the warmseason precipitation amount. The averaged precipitation rate increases by nearly a factor of 2 from the top of the plateaus (on the northwest) to the flat plains (on the southeast). Figure 2a shows the spatial distribution of the diurnal contribution to total precipitation, expressed as a percentage (i.e., diurnal component divided by the mean hourly precipitation rate). The diurnal component is calculated by summing the absolute differences between the mean precipitation rate at each hour and the mean hourly precipitation rate. Differing from the total rainfall distribution in Fig. 1b , the highest percentage of diurnal precipitation occurs along the sharp terrain slope that makes a transition from the low plains to the high plateaus, and the lowest percentage of diurnal precipitation occurs over the plains. Figure 2b shows isochrones of the local diurnal precipitation peaks that summarize the location of the phase fronts of diurnal precipitation peaks for different hours in that are shown in Fig. 3 . As motivated by Fig. 12 of Carbone et al. (2002) , Fig. 4 shows the distance-time Hovmö ller diagram of the normalized hourly precipitation deviations averaged along a cross section from northwest to southeast (as in Fig. 1c ). To highlight the larger-scale variations of diurnal precipitation peaks and to compare directly with a coarse GFS analysis that will be shown in Figs. 5 and 6, a twodimensional spectral decomposition (Lin and Zhang 2008) has been used to filter signals with horizontal scales of less than 300 km in Figs. 2b and 3, but no filtering is performed in Fig. 4 .
The diurnal precipitation cycle and its phase propagation
Figures 2b, 3, and 4 show that a local diurnal precipitation peak starts in early afternoon hours (with maximum solar heating) on or near the top of the YanshanTaihangshan Mountain ranges. The strongest local diurnal peak is observed on the sharpest terrain slope east of the plateaus in the midafternoon hours [between 1400 and 1700 Beijing time, i.e., the local standard time (LST), which is 8 h ahead of UTC; Fig. 4 ], which subsequently moves downslope toward the southeast (Figs. 2b and 4). The peak phase arrives on the plains in late afternoon into the early evening (Fig. 3c ) and continuously progresses eastward across the central plains throughout the night (Figs. 3d,e) . It approaches the eastern edges of the focus domain at around 0000 UTC (0800 LST), but by this time the diurnal peak begins to lose its identity while daylight returns the next morning (Fig. 3f) . There also exists a secondary precipitation maximum over the eastern plains during the late afternoon hours (Figs. 3b-d and 4) , implying a semidiurnal rainfall cycle over these areas as was also noted by Yu et al. (2007) .
The averaged phase propagation speed toward the southeast starting from the top of the mountain ranges is approximately 13 m s 21 , which is similar to that of a 14 m s 21 eastward speed in Carbone et al. (2002, their Fig. 2) , except that the phase propagation is more coherent in the current study (Fig. 4) . Note that Fig. 4 also shows the presence of two parallel, smaller-scale peaks within the primary diurnal peak phase in the plains, separated by ;100 km in horizontal distance and ;3 h in time, which is not visible in the filtered maps in Fig. 3 . Parallel to the diurnal precipitation peak phase line, there is also a southwest-northeast belt of daily precipitation minimum visible at nearly all hours. The minimum phase is most pronounced at the top the Yanshan-Taihangshan Mountain ranges right after midnight, at the sharpest terrain slope during early morning hours, and on the plains in the late morning through early afternoon hours (Figs. 3  and 4 ).
Discussion on diurnal propagation and nocturnal precipitation peaks
The speed of phase propagation and the relationship between the local diurnal precipitation maxima and minima may be related to the diurnal variation of a regionalscale, mountain-plains solenoid (MPS) circulation induced by differential heating between the high mountain ranges and the plains over this region. This is evident by examining the mean GFS analysis averaged through the same warm-season months of 2003-09 shown in Figs. 5-6. The evolution of the MPS circulation over the Rocky Mountains and the adjacent plains of the United States, along with its impacts on summertime precipitation and other weather phenomena, has been extensively studied (e.g., Tripoli and Cotton 1989; Wolyn and McKee 1994; Zhang and Koch 2000; Koch et al. 2001; Carbone and Tuttle 2008) . Figure 5 shows the low-level (900 hPa) vertical motions and perturbation wind vectors at each GFS analysis averaged over 2003-09. Figure 6 shows the corresponding averaged vertical motions, or the perturbation vertical circulation vectors averaged along the same northwestsoutheast cross section as in Figs. 1c and 4 . Note that the 900-hPa pressure surface in some high-mountain areas is slightly below the ground level, but the GFS analysis from the downward extrapolation depicts reasonably well the low-level flow patterns in these places.
At 0600 UTC (1400 LST) in the early afternoon, there are widespread low-level upward motions on the plateaus that peak on the eastern edge along the YanshanTaihangshan Mountain ranges (Figs. 5a and 6a ). This peak quasi-southwest-northeast-oriented upward motion belt is closely collocated with a low-level perturbation convergence boundary, both of which correspond to be the upward branch of a developing daytime MPS (Fig. 6a ) that is likely responsible for the peak diurnal precipitation in this area (Fig. 3a) . The downward branch of the MPS circulation along with the cold-air advection by the anomalous low-level northeasterly winds (Figs. 5a and 6a) is likely responsible for the diurnal precipitation minimum phase across the plains at this time (Fig. 3a) .
At 1200 UTC (2000 LST) in the early evening, the maximum upward motion belt is located on the eastern slopes and foothills of the Yanshan-Taihangshan Mountain ranges, where the perturbation low-level winds from the low plains are being lifted upward by the steepest terrain slopes (Figs. 5b and 6b ). As part of the upward branch of the MPS circulation, the upslope lifting induces the strongest diurnal precipitation peaks along the terrain slopes and foothills at this hour (Figs. 2a and 3c) . In the meantime, the eastern half of the plains is positioned under the downward branch of the MPS, which adversely affects precipitation. Also at this time, the top of the mountain ranges makes a transition toward downward motions and shifts to the minimum diurnal precipitation phase (Figs. 3c and 5b) .
At 1800 UTC (0200 LST) in the early morning, the upward branch of the MPS circulation moves to the central plains along a leeside convergence zone (Figs. 5c and 6c) that collocates well with a nocturnal precipitation maximum (Fig. 3e) . Meanwhile, because of the decrease of boundary layer friction and turbulent mixing that results in the absence of solar heating, a perturbation low-level southwesterly nocturnal jet has fully developed (Figs. 5c and 6c). This enhances the low-level warm-, moist-air advection from the southwest as well as low-level lifting, both of which are likely responsible for the nocturnal precipitation maximum over the plains (Fig. 3e) . By now, strong downslope flows (Fig. 6c ) have led to a precipitation minimum over the slopes and foothills (Fig. 3e) . A low-level southerly nocturnal jet, parallel to the mountain ranges, is also widely observed over the Great Plains of the United States (e.g., Bonner 1968 ) and has at least in part been a cause of nocturnal precipitation maxima (e.g., Higgins et al. 1997) .
At 0000 UTC (0800 LST), a few hours after sunrise, the upward branch of the remnant MPS circulation remains over the central plains but is substantially weakened while the perturbation low-level southwesterly jet has been completely replaced by the north-northwesterly downslope winds (Figs. 5d and 6d) . There is only a very weak signature of the diurnal precipitation peak associated with this upward branch. The minimum precipitation phase is observed over most of the focus domain, except at the eastern corner where the ocean has a strong influence (Fig. 3f) .
The above diagnosis performed with the GFS analysis demonstrates a strong connection between the evolution of peak diurnal precipitation and the upward branch of an FIG. 2. (a) Percentage of the diurnal contributions of the total precipitation (calculated as the sum of the absolute differences between the mean precipitation rate at each hour and the mean hourly precipitation rate divided by the mean hourly precipitation rate). The 800-m terrain elevation is plotted in thick gray curves denoting the approximate location of the steepest terrain slope. 
1800, and (f) 0000 UTC estimated as the mean precipitation rate at this hour minus the mean precipitation rate throughout the date, normalized by the standard deviation of hourly precipitation at each location. Scales smaller than 200 km are truncated by a 2D spectral decomposition. The 800-m terrain elevation is plotted in thick gray curves denoting the approximate location of the steepest terrain slope. The purple solid (dashed) line denotes the location of the phase fronts of the local diurnal precipitation peaks (minima).
MPS circulation, progressing southeastward from the top of the mountain ranges in the early afternoon to the central North China Plains in the early morning. The 13 m s 21 propagation speed and direction correspond to a midtropospheric steering level at around 500 hPa (not shown).
There exist at least two possible mechanisms responsible for the nocturnal precipitation maximum over the plains, related to the MPS circulation: 1) the initiation or enhancement of precipitation events in the afternoon on the top and/or eastern slopes of the mountain ranges that subsequently propagate southeastward to the plains, following the midtropospheric mean flow, and 2) the local initiation or enhancement of precipitation following the upward branch of the MPS circulation over the plains during the night, which is further enhanced by the low-level southwesterly nocturnal jet.
However, given the coarse spatial and temporal resolution of the GFS analysis (18 3 18, every 6 h), the causality between the upward branch of the MPS and the precipitation maxima cannot be uniquely determined. It remains possible that the nighttime upward motion over the plains (e.g., Figs. 5c and 6c) results from (instead of causing) the nocturnal precipitation maxima.
There is spatial and temporal separation between the two parallel subpeaks within the primary diurnal precipitation maximum over the plains. The maximum to the east may have been produced by secondary generation of convection ahead of the downslope-sliding convective lines through either mesoscale gravity waves and/or cold-pool dynamics as hypothesized in Carbone et al. (2002) and Trier et al. (2006 Trier et al. ( , 2010 .
Conclusions
This study explores the diurnal variations of warmseason precipitation over the Yanshan-Taihangshan Mountain ranges along the east peripheries of the Loess and Inner Mongolian Plateaus and the adjacent North China Plains using the high-resolution CMORPH precipitation data during May-August of 2003-09. Warmseason rainfalls account for nearly 80% of the total precipitation in this focus area and thus have very important impacts on the water cycles and climate of a region encompassing the capital city of Beijing and several of the most densely populated provinces of China. FIG. 5 . Spatial distribution of the 900-hPa vertical motions (colored) and perturbation wind vectors diagnosed with the GFS analyses at (a) 0600, (b) 1200, (c) 1800, and (d) 0000 UTC. The 800-m terrain elevation is plotted in thick gray curves denoting the approximate location of the steepest terrain slope. The purple solid (dashed) line denotes the location of the phase fronts of the local diurnal precipitation peaks (minima) as in Fig. 3 .
It is found that the peak in the local precipitation usually begins near midday or early afternoon (time of maximum solar heating) on the southeastern slopes of the plateaus and propagates southeastward at a speed of ;13 m s 21 . The primary diurnal precipitation peak reaches the central North China Plains around midnight and the early morning hours. Two mechanisms are likely responsible for the nocturnal precipitation maximum over the North China Plains: 1) the initiation or enhancement of precipitation events during peak solar heating hours on the eastern slopes of the plateaus, which subsequently propagate southeastward to the plains, following the midtropospheric mean flow, and 2) the local initiation or enhancement of precipitation following the upward branch of a mountain-plain solenoidal circulation induced by differential heating between the mountain ranges and plains, which is further facilitated by the nocturnal lowlevel jet over the plains that contributes to a transport of warm, moist air to the area during nighttime.
Future studies will examine the respective contributions from each of these two likely mechanisms, as well as the importance of the midtropospheric mean flow and/or the cold-pool dynamics for further explaining the near-continuous propagation of diurnal precipitation peaks from high terrains to the plains in this area, through both case studies of individual events and idealized simulations, as in Trier et al. (2006 Trier et al. ( , 2010 for the continental United States.
